The linear free energy of solution (∆G) relationship (∆G = ∆G o + zδG) for compounds of different carbon atoms (z) in the same homologous series is expanded and modified to cover compounds with two different hydrocarbon side chains. The expanded equation is successfully used to predict the retention times (t R ) of standard esters of long chain alcohols and fatty acids of different chain lengths in both isothermal and temperatureprogrammed gas chromatography (TPGC). Approximately 90% of the 125 predicted t R values have a difference of less than 1.00% from the actual t R and the highest difference is 1.26%. Two different temperature gradients in TPGC are tested. The expanded equation can be used to forecast the t R of TPGC with good accuracy. The highest difference is ± 1.40% and ± 1.00% for the temperature gradients of 2°C and 4°C/min, respectively. However, the increments in free energy per carbon atom (zδG) of the alcohol and acid are approximately equal but have slightly different temperature sensitivities. Therefore, it is very difficult to separate esters of different acid and alcohol chain length but with the same total carbon numbers. Furthermore, the difference in temperature sensitivities for the acid and alcohol side chains renders them to be inversely eluted at different temperatures.
Introduction
Kovats' retention index system has been used extensively as an aid in gas chromatographic (GC) identification of organic compounds (1) (2) (3) . Using n-alkanes as the references has a draw back, especially for the identification of high molecular weight and polar compounds, which requires high molecular n-alkanes (4) . Thus, other similar systems, which use different standard references compounds [e.g., equivalent chain length, carbon number (5, 6) , or ketone number (7) ] have been set up. Waxes are ubiquitous in nature, but there is no identification system for them. Furthermore, retention indices are not available. With the price of GC-mass spectrometers (MS) low enough now that many laboratories can afford them, waxes are then identified by their mass spectra (8) (9) (10) . Otherwise, they are usually identified by comparison of their retention times (t R ) with reference waxes, which are difficult to obtain in chemically pure forms. Therefore, tentative identification of a wax, for those without access to an MS, requires standard wax as the reference. However, beeswax may be hydrolyzed to long chain alcohols and acids (9) , which are easier to identify, and the relatively expensive reference waxes are avoided, but the identity of the wax is lost.
With recent advances in knowledge of solute migration along the GC column, the t R of several solutes can be forecast with good accuracy, but there is no report on the prediction of t R of waxes. In this study, a thermodynamic model is proposed to predict the t R of waxes of different alcohols and fatty acids. The basic equation proposed by Krisnangkura et al. (equation 1) (11), which is used to predict the t R of fatty acid methyl esters (FAMEs) of fixed alcohol chain length, is expanded to cover alcohols of variable chain lengths.
Eq. 1 where a, b, c, and d are thermodynamically related column constants.
The well-known free energy of solution (∆G) equation of James and Martin, equation 2, is further expanded to equation 4.
Eq. 2
where z i is the carbon number of fatty acid. ∆G o is the free energy of a solution of hypothetical acid of a zero carbon atom (with a fixed number of carbon atoms of the alcohol). δG i is the increment in free energy of solution per carbon atom of the acid. When the alcohols vary, James and Martin's equation is repeated as shown in equation 3.
Eq. 3
where z j is the carbon number of alcohol, and ∆G oo is the free energy of a solution of hypothetical ester of a zero carbon atom of both alcohol and acid. δG j is the increment in free energy of solution per carbon atom of the alcohol.
If there are no interactions between the two side chains of the acid and alcohol, equations 2 and 3 are directly combined.
Eq. 4
From basic thermodynamics, the free energy of solutions in equation 4 
Experimental
Fatty acids (14-18 carbon atoms) and long chain alcohols (14-22 carbon atoms) were purchased from Sigma Chemical Co. (St. Louis, MO). Natural beeswax was obtained from a grocery store (Bangkok, Thailand). Esterification of long chain fatty acid and long chain alcohol was modified from Kalayasiri et al. (12) for methyl ester with 2% H 2 SO 4 as the catalyst, but the reaction time for esterification of long chain alcohols and acid was extended to 24 h at 80°C.
GC
GC analysis was performed on a Shimadzu (Kyoto, Japan) model 17A. The instrument was equipped with a flame ionization detector and split/splitless injector. Separation of the esters was performed on an AT-5 high-temperature capillary column (10-m × 0.1-mm i.d., 0.1-µm film thickness) from Alltech Assoc. (Deerfield, IL). Nitrogen was used as carrier gas at the flow rate of 0.18-0.2 mL/min. Injector and detector temperatures were set at 350°C. The column oven was held isothermally at intervals between 290°C and 310°C. Temperature programming conditions are reported in the text.
Determination of the constants of equation 6
Determination of the six numeric constants of equation 6 can be done by holding each variable constant at a time.
When 
Results and Discussion

Adjustment of the predicting equation
The natural logarithm of retention factors for esters of long chain alcohols and fixed fatty acids on the AT-5 column are summarized in Table I , and the numeric values of the four constants of equation 6 are included. By comparing the four numeric constants in equation 6 to those obtained from methyl esters on a nonpolar 100% dimethyl polysiloxane (OV-101, 15-m × 0.25-mm i.d.) (13) , it was obvious that the increments in enthalpy and entropy per carbon atom were very close, and the standard enthalpy and entropy of solution for hypothetical zero carbon atom were much larger than those of the methyl esters. The differences were wider as the fatty acid chain length is increased. These differences arose from the differences in the number of carbon atoms of the hypothetical zero carbon atom of the wax, which still have 14-18 carbon atoms of the acids left in the
R molecules, and in the methyl ester, there was only one carbon, of the methyl group, left in the molecule. The entropic constant, a', becomes more negative as the carbon atoms of the acids increase. On the contrary, the enthalpic term, b', increases as the carbon atoms of the acids are increased. Both a' and b' vary linearly with carbon numbers of the acids, and the correlation coefficients are 0.980 and 0.990, respectively, (Table II) . The a'-z i plot (Table II) , according to equation 12, gave the intercept (a) at -3.82 with the slope (b i ) of -0.51. Similarly, the b'-z i plots, according to equation 13, gave the intercept (c) and the slope (d i ) of -805.92 and 416.58, respectively. It was mentioned earlier that equation 4 was derived on the assumption there were no interactions between the two side chains of fatty acid and alcohol. Alternatively, the fatty acid side chain should not affect or change the numerical constants, b j and d j or vice versa. However, the results in Table II * The intercepts (a"), slopes (b"), and correlation coefficient of the lnk-z j plot are included. The last two columns are the intercepts and slopes of the a"-z j and b"-z j plots of different z i .
Equation 19 is then used to predict the t R of the esters of long chain fatty acids and alcohols. Table III shows the percent differences (%∆) between the experimental and predicted t R of esters of long chain alcohols and fatty acids of different chain lengths at temperatures between 290°C and 310°C. All t R predicted were very close to the experimental values. Seventy-three data points (58.4%) had percent differences between the experimental and predicted t R of less than 0.50%, and only 12 data points (9.6%) had differences greater than 1.00%. The highest difference was 1.26%.
Prediction of t R of standard esters of long chain fatty acids and alcohols
The increment in entropy per carbon atoms for the alcohol (-0.615) was more negative than that of the acid (-0.509). On the other hand, the increment in enthalpy per carbon atom for the alcohol (476.66) was more positive than the acid (416.58). When the enthalpies were divided by the absolute temperature, 563.15 K-568.15 K (290-295°C), the increments in enthalpy and entropy per carbon atom are almost nullified. Therefore, it is speculated that in this temperature range, the esters, which have the same carbon numbers, should have approximately the same k value, and they should not be separated or poorly separated. This was confirmed by the experimental data in Table I . Furthermore, the order of elution of the esters having the same total carbon numbers cannot be generalized. It depended on temperature and the chain length of the acid and the alcohol. Inversion of elution was found in almost all cases at the temperature range of 290-310°C. For example, for esters of 30 carbon atoms, the acid of 14 carbon atoms and alcohol of 16 carbon atoms (14/16 ester) had a larger k, at 290°C, than 16/14 ester, but inversion was observed at temperature ≥ 295°C. For esters of 32 carbon atoms, the 14/18 ester had a larger k than the 16/16 ester at 290-295°C, and an inversion was found at 300°C, and the 18/14 ester had the larger k at all temperatures.
Prediction of retention times of standard esters of long chain fatty acids and alcohols in TPGC
The column slicing method of Calvalli and Guinchard (14) was an excellent technique for determination of t R in TPGC. The column was arbitrarily divided into very short columns of the predetermined elements. The t R of TPGC [t R(TPGC) ] of a solute was the sum of the t R of each element, whose temperature was determined by the time the solute entered the element. Although Calvalli and Guinchard (14) used the method for predicting an individual solute, Kittiratanapiboon et al. (15) extended and slightly modified the method to predict the t R(TPGC) of compounds of the same homologous series from their carbon numbers or retention indices. In this study, equation 19 was modified according to Kittiratanapiboon et al. (15) to equation 20 and used to predict the t R(TPGC) of esters of long chain alcohols and fatty acids.
Eq. 20
where m is the number of elements (column being sliced, = 1000); t M is the gas hold-up time at the initial temperature (T i ); q i is the absolute temperature of the ith element; g is the hold-up time adjustment factor because of the change in temperature. The MS Excel (2003) (Microsoft, Redmond, WA) calculation sheet was slightly modified as shown in Figure 1 . The exponents of the calculation formula in column D (in Figure 1 ) were changed to those described in equation 20, in which all of the numeric constants were given in the frame on the right hand side. Figure 2 is the gas chromatograms of standard esters chromatographed at 260°C to 320°C at a temperature gradient of 2°C and 4°C/min, respectively. The initial hold times were 2 min for both chromatograms. The observed t R are printed at the peak tops. Figure 2 has only 13 peaks from 25 standard esters, confirming, as was mentioned earlier, that esters with the same total number of carbon atoms were coeluted or poorly separated.
The forecasted t R (by equation 20) are summarized in Table IV , and the experimental values are included for comparison. All the predicted t R agree well with the experimental values. The highest differences were ± 1.4% and ± 1.1% for the programming rate of 2°C and 4°C, respectively.
Prediction of t R of Beeswax in TPGC
Beeswax was used as a demonstration sample to which equation 20 can be applied to predict the t R(TPGC) of natural wax esters. The wax was directly injected into the AT-5 capillary column without derivatization. Beeswax is a very complex mixture. Beside the esters of long chain alcohols and fatty acids, it also contains hydrocarbons, free fatty acids, and long chain alcohols. Figure 3 is part of the chromatograms of beeswax chromatographed from 260°C to 320°C at a temperature gradient of 2°C/min and 4°C/min, respectively. The initial hold times were set at 2 min for both chromatograms. The observed t R are printed at the peak tops. The forecasted t R were similarly calculated as the standard esters in the previous section and summarized in Table V . Calculation began at the total carbon number of 38, as was reported by Aichhloz and Lorbeer (16) (i.e., that beeswax contains ester of 38 carbon atoms and higher). The carbon numbers of the tentatively identified peaks are printed at the peak top of the chromatograms. The differences between the experimental and predicted t R values of both chromatograms are used as criteria for identification. The esters of 38, 40, 42, 44, and 46 carbon atoms were found in the beeswax. However, because beeswax is a very complex mixture (8) (9) (10) 16) , there are peaks that cannot be identified.
Conclusion
The proposed method, which extends from the linear free energy relationship, can be applied to predict the GC t R of fatty acid esters of long chain alcohols in both isothermal and temperatureprogrammed conditions. The difference in the increment in free energy per carbon atom for the acid and alcohol is small. Therefore, esters of different numbers of the acid and alcohol, but with the same total number of carbon atoms, were poorly separated on the AT-5 column. Consequently, identification of individual esters can only be done by their total carbon numbers, unless GC is coupled with other identification tools (e.g., MS or another GC). 
